
ROIForm ApprovedREPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing the burden, to the Department of Defense, Executive Services and Communications Directorate (0704-0188). Respondents should be aware
that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB
control number

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
12-03-2008 Journal Article

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Nesting the Gulf of Mexico in Atlantic HYCOM: Oceanographic Processes
Generated by Hurricane Ivan 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

0602435N

6. AUTHOR(S) 5d. PROJECT NUMBER

Luis Zamudio, Patrick J. Hogan

5e. TASK NUMBER

5f. WORK UNIT NUMBER

73-6644-07-5

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Naval Research Laboratory REPORT NUMBER

Oceanography Division NRL/JA/7320-07-7185

Stennis Space Center, MS 39529-5004

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

Office of Naval Research ONR
800 N. Quincy St.
Arlington, VA 22217-5660 11. SPONSOR/MONITOR'S REPORT

NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT
The HYbrid Coordinate Ocean Model (HYCOM) has been configured for the Gulf of Mexico (GOM) at 1/25 horizontal grid resolution and has been nested inside a basin-scale 1/12
Atlantic version of HYCOM. The 1/25 nested GOM model is used to study temperature variations, current patterns, transport variations, and two coastal-trapped waves (CTWs)
generated by Hurricane Ivan during mid September 2004. The model results indicate that the winds generated by Ivan: (1) induced a transport variation of approximately 2 Sv/ day
along the Yucatan Channel, (2) enhanced the oceanic mixing lowering the sea surface temperature more than 3 -C along Ivan's path, (3) produced a thermocline vertical velocity of
>100 m/day, and (4) generated a westward transport of -8 Sv along the northern coast of the GOM that was redirected by the Louisiana coastline inducing a southward transport of _6
Sv, Throughout its passage over the Caribbean Sea Ivan generated first a CTW along the south east coast of Cuba. After its generation this wave propagated along the coast and
partially propagated along the western tip of the Cuban Island and confinued its propagation along the northern coast of the Island. The model existence of CTWs along the coast of
Cuba is reported for the first time. Later on, over the Florida -Alabama -Mississippi -Louisiana coast, Ivan's westward winds drove a model oceanic onshore transport and generated a
strong coastal convergence. The convergence raised the sea surface height 90 cm generating a second CTW, which is characterized by alongshore and cross-shore scales of 700
and 80 km, respectively. The CTW current pattern includes westward surface currents of more than 2.0 m/s. After its generation, the wave weakened rapidly due to Ivan's eastward....

15. SUBJECT TERMS

HYCOM, coastal trapped waves, sea surface temperature

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER i19a. NAME OF RESPONSIBLE PERSON
a. REPORT b. ABSTRACT c. THIS PAGE ABSTRACT OF Patrick Hogan

PAGES
Unclassified Unclassified Unclassified UL 20 19b. TELEPHONE NUMBER (Include area code)

228-688-4537

Standard Form 298 (Rev. 8/98
Prescribed by ANSI Std. Z39.18



0 Available online at www.sciencedirect.com

" ""ScienceDirect Ocean
Modelling

ELSEVIER Ocean Modelling 21 (2008) 106-125
www.elsevier.com/locate/ocemod

Nesting the Gulf of Mexico in Atlantic HYCOM:
Oceanographic processes generated by Hurricane Ivan

Luis Zamudio a,*, Patrick J. Hogan b

Center for Ocean-Atmospheric Prediction Studies, Florida State University, Tallahassee. FL 32306-2840, United States
b Naval Research Laboratory, Stennis Space Center, MS, United States

Received 18 May 2007; received in revised form 18 December 2007; accepted 19 December 2007
Available online 18 January 2008

Abstract

The HYbrid Coordinate Ocean Model (HYCOM) has been configured for the Gulf of Mexico (GOM) at 1/25' horizontal grid reso-
lution and has been nested inside a basin-scale 1/12' Atlantic version of HYCOM. The 1/25' nested GOM model is used to study tem-
perature variations, current patterns, transport variations, and two coastal-trapped waves (CTWs) generated by Hurricane Ivan during
mid September 2004. The model results indicate that the winds generated by Ivan: (1) induced a transport variation of approximately 2 Sv/
day along the Yucatan Channel, (2) enhanced the oceanic mixing lowering the sea surface temperature more than 3 °C along Ivan's path,
(3) produced a thermocline vertical velocity of >100 m/day, and (4) generated a westward transport of -8 Sv along the northern coast of
the GOM that was redirected by the Louisiana coastline inducing a southward transport of -6 Sv. Throughout its passage over the Carib-
bean Sea Ivan generated first a CTW along the south east coast of Cuba. After its generation this wave propagated along the coast and
partially propagated along the western tip of the Cuban Island and continued its propagation along the northern coast of the Island. The
model existence of CTWs along the coast of Cuba is reported for the first time. Later on, over the Florida-Alabama-Mississippi-Loui-
siana coast, Ivan's westward winds drove a model oceanic onshore transport and generated a strong coastal convergence. The convergence
raised the sea surface height ,-,90 cm generating a second CTW, which is characterized by alongshore and cross-shore scales of ,700 and
,-80 km, respectively. The CTW current pattern includes westward surface currents of more than 2.0 m/s. After its generation, the wave
weakened rapidly due to Ivan's eastward winds, however a fraction of the CTW propagated to the west and was measured by a tide gauge
at Galveston, Texas. The descriptions, hypothesis, and discussions presented in this study are based on model results and those results are
compared and validated with sea surface height coastal tide gauge observations and sea surface temperature buoy observations.
Published by Elsevier Ltd.

1. Introduction Ivan entered into the GOM on September 14, 2005, with
wind speeds >60 m/s through the Yucatan channel (Fig. 1)

The cyclone that became Ivan was classified as a tropical providing strong wind-forcing for both the real GOM ocean
depression on September 2, 2004. At that time the cyclone and the GOM numerical ocean models, supplying surface
was located in the middle of the Tropical Atlantic Ocean boundary conditions for those models, and challenging
near 29.10°W-9.70'N and featured maximum sustained the GOM models to accurately simulate the response to
winds of - 13 m/s. During the following two weeks Ivan the strong and rapidly propagating Ivan wind system. The
traveled through the Caribbean Sea and the GOM strength- results of this study show that: (1) Two CTWs were gener-
ening its maximum sustained winds to -75 m/s, and gener- ated by Hurricane Ivan. One of them was generated
ating wind waves with amplitude of ,-r27 m in the northern along the coast of Cuba and the other along the Florida-
GOM (http://www.nhc.noaa.gov; Wang et al., 2005). Alabama-Mississippi-Louisiana coast. The model genera-

tion of a CTW along the coast of Cuba is reported for the

Corresponding author. first time. (2) GOM buoys recorded sea surface temperature
E-mail address: Luis.Zamudio@nrssc.navy.mil (L. Zamudio). (SST) decreases of >3 'C in "-2 days as an upper ocean
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Fig. 1. The color contours represent the bottom topography (in meters) of the regional Gulf of Mexico model. The path of Frances, Ivan, and Jeanne are
represented with red, cyan, and yellow lines with open green circles, respectively. The four open boundaries, which communicate with the basin scale
Atlantic HYCOM are indicated with OB. The black circles represent the location of the NOAA buoys (which are identified with the National Data Buoy
Center (NDBC) station number) where the sea surface temperature (SST) measurements are taken. The red squares represent the position of tide gauges at
Key West (KW), Pensacola (PEN), and Galveston (GAL) where the sea surface height (SSH) measurements are taken. The transports are calculated along
the green line in the Yucatan Channel (Fig. 4). along the blue line from Key West to Cuba (Fig. 4), along the red line from the Coast of Louisiana to
87.52-W, 29.31°N (Fig. 14), and along the black line from the Coast of Mississippi to 88.00°W, 29.00°N (Fig. 14). The red (yellow) curly vectors represent
Hurricane Frances (Ivan) winds during September 5 (13), 2004.

response to Ivan's winds. That strong and rapid ocean reac- coordinate (depth, density, or terrain-following sigma) can-
tion to the Hurricane wind forcing is an excellent test case to not by itself be optimal everywhere in the ocean, the hybrid
examine the capabilities of mixed layer sub-models to sim- approach of HYCOM is an option, which uses the optimal
ulate rapid cooling events. Thus five different mixed layer of the three vertical coordinates depending on the ocean
sub-models (which are embedded in HYCOM) were used characteristics. For instance, isopycnal (density tracking)
to investigate the SST evolution during the year 2004. (3) layers are best in the deep stratified ocean, z-levels (con-
The deterministic (which is considered here as the direct stant fixed depths) are best used to provide high vertical
response to atmospheric and remote forcings), and nonde- resolution near the surface within the mixed layer (and
terministic (which is attributed to nonlinear mesoscale flow other unstratified regions), and a-levels (terrain-following)
instabilities) regions of the GOM are calculated and are are often the best choice in shallow coastal regions (Chas-
used to explain the differences between modeled and signet et al., 2000, 2007; Willebrand et al., 2001).
observed sea surface height. The eddy-resolving (1/12' equatorial resolution) basin

scale Atlantic HYCOM domain extends from 27.9'S to
70.0'N and from 98.0'W to 36.2°E, and the 1/25' nested

2. Model regional GOM-HYCOM domain extends from 98°W to
77.4'W and from 18'N to 31°N. The two HYCOM config-

2.1. HYCOM configurations urations are identically forced with 3-hourly winds and
daily averaged heat fluxes from the Fleet Numerical Mete-

HYCOM is the HYbrid vertical Coordinate Ocean orology and Oceanography Center's Navy Operational
Model, which is isopycnal in the open stratified ocean, ter- Global Atmospheric Prediction System (NOGAPS) (Ros-
rain-following in shallow coastal regions, and z-level in mond et al., 2002), and they include monthly mean values
mixed layer and unstratified regions. This generalized ver- for rivers and turbidity forcing (Kara et al., 2005a-c). A
tical coordinate approach is dynamic in space and time previous non-assimilative Atlantic HYCOM simulation
via the layered continuity equation that allows a smooth was integrated to statistical equilibrium using climatologi-
dynamical transition between the coordinate types. cal monthly winds, and it was then continued using 3-
HYCOM (Bleck, 2002) was developed from the Miami Iso- hourly winds to ultimately provide initial conditions for
pycnic Coordinate Ocean Model (MICOM) using the the- the Atlantic simulation used in this study. Atlantic
oretical foundation for implementing a hybrid coordinate HYCOM ran from May 2003 to October 2007 whereas
system (Bleck and Benjamin, 1993). Since a single vertical the nested GOM-HYCOM simulations are only integrated
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over year 2004. Initial conditions for GOM-HYCOM were 3. Results and discussion
provided by Atlantic HYCOM. In addition, the models
include realistic bottom topography and coastline geome- The description and discussion presented in this section
try that are based on a modified version of the 1/30' is based on model results and the model results are com-
NRL DBDB2 topography (http://www.7320.nrlssc.navy.- pared and validated with SSH coastal tide gauge observa-
mil/DBDB2_WWW). The models use the 5 meter isobath tions and SST buoy observations.
as a land-sea boundary, and allow isopycnals intersecting
sloping topography by allowing zero thickness layers. 3.1. Hurricane Ivan in the Northwestern Caribbean Sea
Atlantic HYCOM includes 26 vertical layers and assimila-
tion of satellite measured sea surface height (SSH) and SST 3.1.1. Volume transport response to the passage of Hurricane
data (http://www.7320.nrlssc.navy.mil/ATLhycoml-12/ Ivan
skill.html), while GOM-HYCOM includes 20 vertical coor- Before the arrival of Hurricane Ivan to the Northwest-
dinate layers and does not include ocean data assimilation. ern Caribbean the surface currents along the Yucatan
Furthermore, both Atlantic and GOM-HYCOM include Channel were characterized by the Yucatan Current flow-
five different embedded ocean mixed layer sub-models that ing into the Gulf of Mexico, with its core of > 130 cm/s
can be used to simulate the variability of the mixed layer. located on the western part of the channel, and by the
Those models are the K-Profile Parameterization (Large Cuban Counter-current positioned on the eastern side of
et al., 1994), the NASA Goddard Institute for Space Stud- the channel (Fig. 2a). On this particular day (September
ies (Canuto et al., 2001, 2002) turbulence closure, the Mel- 9, 2004) the maximum of the Cuban Counter-current
lor-Yamada (Mellor and Yamada, 1982) turbulence (>45 cm/s) is not attached to the Cuban coast, and this
closure, the Krass-Turner (Turner and Kraus, 1967; Niiler counter-current is weakened by a northward flow, which
and Kraus, 1977) bulk mixed layer model, and the Price- is represented by the yellow contours near the Cuban coast
Weller-Pinkel (Price et al., 1986) mixed layer model (Halli- in Fig. 2a. Although September 9 is just a snapshot of a
well, 2004). HYCOM simulations with and without an summer day in the Yucatan Channel, the instantaneous
embedded mixed layer sub-model are presented and dis- currents produced by the model resemble the basic struc-
cussed in Section 3. ture of the observed mean currents (e.g. Sheinbaum

et al., 2002). During the same day, the currents across the
2.2. Nesting with HYCOM Western Florida Strait (from Key West to Cuba) are char-

acterized by the eastward flowing Florida Current, which
Details about the HYCOM nesting procedure have been has a surface maximum of >105 cm/s located in the north-

reported in the HYCOM USER GUIDE (Wallcraft, 2003, ern part of the strait, a weak westward counter-flow
available at http://hycom.rsmas.miami.edu/hycom-model/ beneath it, and a weak surface counter-flow attached to
documentation.html). Here some general features of the the southern coast of the strait (Fig. 3a). This HYCOM
procedure are mention. Nesting within HYCOM is a one- simulated Florida Current also reproduces the main fea-
way (from the larger domain to the nested domain) off-line tures of the observed currents in the region (e.g. Hamilton
process. Thus, the user can define (after the fact) any nested et al., 2005).
domain that lies within the outer model. However, this nest- The GOM-HYCOM simulated currents across the
ing approach has the disadvantage of limiting the updating Yucatan Channel and Western Florida Strait Channels
frequency of the boundary conditions for the nested domain are strongly altered by the passage of Hurricane Ivan over
to the frequency of the results archived from the outer the Northwestern Caribbean. In particular, Hurricane
model. During the nesting process the baroclinic modes Ivan: (1) reversed the direction of the Cuban Counter-Cur-
are relaxed to the coarse outer grid solution via a relaxation rent (from southward to northward) generating a maxi-
buffer zone for temperature, salinity, pressure and horizon- mum iiorthward flow of >210 cm/s. This hurricane
tal velocity components. The barotropic mode is passed induced maximum flow is located on the eastern part of
into the inner domain along characteristic lines for velocity the Channel (with center close to 85°W in Fig. 2b) and
and pressure. There are several nesting parameters, which modified the mean current pattern, which is well known
may be tuned for optimal passage of oceanic signals across to have a maximum on the western side. (2) Generated a
the open boundary. These include the updating frequency at maximum mixed layer thickness of -200 m on the eastern
the boundary, the number of grid points to be included in part of the channel (as denoted by the black line in Fig. 2b),
the relaxation buffer zone, the relaxation time across the and (3) created a significant change in the across channel
buffer zone, and the effect of excluding the baroclinic or mixed layer thickness from -20 m on September 9 to
barotropic mode from the boundary conditions. The nest- -100 m on September 14 (again denoted by the black line
ing parameters used in this study are: the boundary condi- in Figs. 2a and b). In the Western Florida Strait, model
tions updated every 1-day, the relaxation buffer zone results show that maximum current speed increased from
includes 20 grid points, the relaxation time across the buffer >105 cm/s on September 9 to >165 cm/s on September 15
zone of 1-10 days, and the barotropic and baroclinic modes (Fig. 3a and b), and the location of the current and mixed
included in the nested boundary conditions, layer thickness maxima changed from the northern part of
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Fig. 2. North-South 
component of the velocity (color contours in cm/s) snapshots for September 9, 2004 (a) and September 14. 2004 

(b) as simulated by

the 1/250 nested GOM-HYCOM 
over a cross-section 

along the Yucatan Channel, which is indicated with a green line in Fig. 1. Positive currents indicate

northward flow. The mixed layer depth is represented by the black line.

the strait on September 9 to the southern part of the strait GOM, the winds in the Yucatan Channel changed from

on September 15, all produced by the passage of Ivan. How basically no wind on September 
10-11, to augmented

does the hurricane generated currents affect the transport 
southwestward 

wind on September 12-13, to strong south-

across the Yucatan Channel and Western Florida Strait? ward (northward) 
wind in the eastern (western) part of the

A plausible answer to this question is discussed in the next channel on September 14, to strong northward wind on

paragraph. 

September 
15, and finally to relaxed winds after that

Since the GOM has just one entrance (the Yucatan 
(Fig. 5). Those wind variations generated first (second) a

Channel) and one exit (the Western Florida Strait), over reduction (augmentation) 
of the Yucatan Channel north-

time scales of days the imbalance in volume storage in ward transport that reached a minimum (maximum) 
of

the GOM is close to zero (Bunge et al., 2002). Hence, the ,--,26 (32) Sv on September 14 (17) (Fig. 4b). Thus, the

northward Yucatan Channel inflow must be rapidly com- maximum Yucatan Channel transport variation, and con-

pensated, nearly as a mirror image, by the eastward Wes- sequently the Western Florida Strait transport variation,

tern Florida Strait outflow at any given time. Over 2004 due to the passage of Hurricane Ivan, is ,- Sv/day. In

that is illustrated by the two transport time-series of the GOM oceanographic 
literature it is well accepted that

Fig. 4a, which demonstrate 
the balance in volume storage 

.the transport through the Caribbean and the Yucatan

A relevant feature of these time series is the significant 
Channel is supplied by the Western Subtropical 

Atlantic

reduction in transport that occurred during late march, and the South Atlantic via the North Brazilian Current

which reached a minimum of,-..20 Sv. According to North (Schott et al., 1993; Johns et al., 1998). Thus, remotely

Atlantic HYCOM results, which provide boundary condi- forced variations in the North Brazilian Current can pro-

tions for GOM-HYCOM, 
this transport reduction was duce fluctuations 

in the Yucatan Channel transport

remotely originated by fluctuations 
in the North Brazilian 

(Fig. 4). Also, in a local perspective, 
Lee et al. (1995) and

Current. Of particular interest for this study is the impact Hamilton et al. (2005) reported transport's reduction along

of Hurricane Ivan on the Yucatan Channel transport 
.the Western Florida Strait due to the slow eastward prop-

Thus, Fig. 4b is a close up of Fig. 4a for the month of Sep- agation of Tortugas eddies. However, to best of our knowl-

tember 2004. The effects of Hurricanes Frances and Ivan edge, no observational 
and/or modeling study has reported

on the transport are the two most significant features of the direct effect of the wind on the transport of the Yucatan

Fig. 4b. When Hurricane Ivan was approaching 
the Channel and Western Florida Strait as shown in Fig. 4.
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Fig. 5. Depth of the 20 °C isotherm (color contours in meters) over a GOM subregion for nine different dates in September 2004 as simulated by 1/250
GOM-HYCOM forced by NOGAPS 3-hourly winds (represented with curly vectors) and daily averaged thermal forcing. The different positions of the
coastally trapped wave can be observed from September 12 (along the southeastern coast of Cuba) to September 18 (along the north-northeastern coast of
Cuba).

the thermocline depth is characterized by a minimum and At the same time, the cold-core cyclone centered around
maximum of ,--160 and -,270 m, respectively, which are 81°W, 20.5N strengthens with the arrival of the frontal

associated with a cold-core cyclone centered close to part of Ivan. During the next day (September 13) the
81°W, 20.5°N and with the Loop Current, respectively cyclonic surface winds of Ivan continue driving the
(Fig. 5a and b). In addition, the thermocline depth along onshore Ekman transport, and consequently a coastal
the South Coast of Cuba is shallower than 180 m at this convergence that eventually generates a CTW along the
time. In general, during September 10 and li the thermo- southeastern coast of Cuba (Figs. 5d and 6d). This
cline's vertical velocity goes from 20 to 30 in/day in the CTW is characterized by alongshore and cross-shore
North Western Caribbean. In particular, the area located scales of ,-,230 km and ,--100 kin, respectively. Moreover,
between 82°W and 78.7°W and 18°N and 21°N is packed it is interesting to notice that even though this CTW is
with distinctive semicircular bands, which are indicative of surface intensified, it has a deep structure. In fact, the pres-
the incoming tropical system to the region (Figs. 6a and ence of the CTW can be clearly observed in the 10 °C iso-
b). Also, no CTW can be recognized in the thermocline therm, which is close to 700 in deep along the coast of
fields at this time (Figs. 5a, b and 6a, b). A day later (Sep- Cuba (not shown). Similar wind forcing prevailed through
teinber 12) the frontal part of Ivan arrived to the region September 14 favoring coastal convergence and strength-
generating onshore Ekman transport and a strong coastal ening this Cuban CTW, which propagated along the south
convergence, which deepened the coastal thermocline to coast of Cuba as a wind-forced CTW at a propagation
,-,250 in and produces a vertical velocity of >80 in/day speed of ".4.4 mn/s. A day later (September 15), this forced
along the southeastern coast of Cuba (Figs. 5c and 6c). CTW partially rounded the western tip of the Cuban
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Fig. 6. Vertical velocity (color contours in meters/day) of the 20 °C isotherm over a GOM subregion for nine different dates in September 2004 as
simulated by 1/250 GOM-HYCOM forced by NOGAPS 3-hourly winds (represented with curly vectors) and daily averaged thermal forcing.

Island. During its forced propagation along the northeast- In the simulation and within the northwestern Carib-
emn coast of the Island, the CTW produces maxima in bean, Ivan generated the strongest Ekman suction that
both thermocline depth (>300 m) and thermocline downt- raised the thermocline at a speed of ,- 100 rn/day, strength-
welling vertical velocity (>100 rn/day) (Figs. 5f and 61). ened a cold-core eddy maximizing the cyclonic circulation
Throughout the following three days (September 16-18) (not shown), generated a cyclone surface cooling of
Ivan moves farther north of the Cuban Island (see Figs. ,-,3 °C (not shown), and produced an upward displacement
5g-i and 6g-i) allowing the wave to propagate along the of the thermocline of -,60 m at the center of the eddy (Figs.
northern coast of Cuba as a free CTW at the phase speed 5e and 6e). In agreement with this hurricane generated
of -2.0 mIs, which agrees with the phase speed range of maximum cooling inside of a preexisting cold-core eddy,
values reported in the articles reviewed by Brink (1991). Walker et al. (2005) reported a wind speed reduction
Thus, while this CTW travels around most of the Cuban just after Ivan passed close to two cold-core eddies in the
Island it exits the GOM nested domain at one of the northern GOM. Since Ivan produced a maximum surface
nested open boundaries (Figs. 5g-i and 6g-i) showing cooling in those two cyclonic eddies, the authors hypothe-
the ability of the HYCOM boundary conditions to prop- sized that the cooling generated by Ivan provided an imme-
agate strong signals out of the nesting domain. This find- diate negative feedback to Ivan's intensity. The upward
ing complements the results of Zamiudio et al. (2008) who displacement of the thermocline (Fig. 5) and the associated
demonstrated the capability of HYCOM open boundary maximum surface cooling of the eddy close to 81 0W,
conditions to propagate a CTW across a nesting 20.5°N produced by the model (not shown), and Ivan's
boundary, weakening from September 13 to September 14 (http://
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Fig. 7. Time series of observed (black line), and simulated (colored lines) sea surface temperature (in 'C) on five different buoys on the Gulf of Mexico for
2004. The geographical locations of the buoys, the National Data Buoy Center (NDBCQ station number, and the correlation coefficients (before and after
(that is shown in parentheses) the removal of the annual cycle) between the observed and simulated time series are indicated. The abbreviations are as
follow: ATL is the assimilative Atlantic HYCOM simulation, GOM is the non-assimilative regional Gulf of Mexico HYCOM simulations, KPP is the K-
Profile Parameterization mixed layer model, GISS is the NASA Goddard Institute for Space Studies model, MY is the Mellor-Yamada mixed layer
model, PWP is the Price-Weller-Pinkel mixed layer model, KT is for the Kraus-Turner mixed layer model, and NML is for no mixed layer.
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Fig. 7 (continued)

www.nhc.noaa.gov) just after passing to the west of the the hypothesis of immediate negative feedback to hurri-
cyclonic eddy, are three facts which strengthen Walker's cane's intensity, since the atmospheric model (NOGAPS)
et al. (2005) hypothesis of immediate negative feedback that provides the forcing is not coupled to the ocean model
to Ivan's intensity. However, this is not enough to prove (GOM-HYCOM).
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Fig. 8. Time series of simulated mixed layer depth (gold lines in meters) and observed (black line) and simulated (colored lines) sea surface temperature (in
'C), on five different buoys on the Gulf of Mexico during September 2004. The geographical locations of the buoys and the National Data Buoy Center
(NDBC) station number are indicated. The abbreviations are as follow: ATL is the assimilative Atlantic HYCOM simulation, GOM is the non-
assimilative regional Gulf of Mexico HYCOM simulations, KPP is the K-Profile Parameterization mixed layer model. GISS is the NASA Goddard
Institute for Space Studies model, MY is the Mellor-Yamada mixed layer model, PWP is the Price-Weller-Pinkel mixed layer model, and KT is for the
Kraus-Turner mixed layer model.

3.2. Hurricane Ivan in the Gulf of Mexico forcing provides an excellent opportunity to examine the
ability of mixed layer sub-models to simulate rapid cooling

3.2.1. Sea surface temperature events. Thus, five different mixed layer sub-models were
SST measurements based on GOM buoys show an SST used to investigate the SST evolution during the year

decrease of "-2-3 'C in 1-2 days as an upper ocean 2004, but we focus on September 2004, which is the Hurri-
response to Ivan's winds (black lines in Figs. 7 and 8). Such cane Ivan time frame. The implementation of the five dif-
strong and rapid ocean response to the hurricane wind ferent mixed layer sub-models in HYCOM has been
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Fig. 8 (continued)

documented in Halliwell (2004) and in the HYCOM users the two "slab" mixed layer sub-models, which are embed-
Manual (Bleck, 2002, available at http://hycom.rsmas.mia- ded in HYCOM are: the Kraus-Turner (KT) mixed layer
mi.edu/hycomodel/documentation.html). In general, the model that is a vertically homogenized slab of water whose
mixed layer sub-models provide HYCOM with the vertical depth is diagnosed from the steady-state turbulence kinetic
eddy viscosity and diffusivity coefficients that reflect the energy equation, and the Price-Weller-Pinkel (PWP),
vertical structure of the mixed layer. The three differential which is a quasi-slab dynamical instability mixed layer
mixed layer sub-models embedded in the HYCOM are: model.
the K-Profile Parameterization (KPP) model, which is Fig. 7 includes observed and simulated SST time series
characterized by vertical mixing from the surface to the for the year 2004 at five different buoys located in the
bottom, the level 2 turbulence closure NASA Goddard GOM. The basin scale model (which assimilate SST and
Institute for Space Studies (GISS) model, and the 2.5 tur- SSH satellite data but does not assimilate any data mea-
bulence closure Mellor-Yamada (MY) model. In addition, sured by the buoys) and the five non-assimilative regional
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Fig. 9. Sea surface height anomaly (color contours in cm) for 4 different dates in September 2004 as simulated by 1/25' GOM-HYCOM forced by
NOGAPS 3-hourly winds and daily averaged thermal forcing. The different positions of the coastally trapped wave can be clearly observed on September
15-16 along the coast of the GOM.

models with different mixed layer sub-models are able to located at 25.84°N, 89.66'W as shown by the black line
simulate the observed SST with some success. Indeed, the in Figs. 7h, i and 8g, h. The ATL-KPP and GOM-KPP
correlation coefficients between the observed (represented are the models that response most closely in phase to this
by the black line) and simulated (represented by the colored observed SST cooling (Figs. 7h, i and 8g, h). In the partic-
lines) time series range from 0.83 to 0.99 (Fig. 7). These high ular case of the ATL-KPP model, the cooling event is also
correlations are due to the strong annual cycle of the GOM clearly reflected in the -25 m increase in the mixed layer
SST, as suggested by the reduction of the correlation coef- thickness as denoted by the gold line in Fig. 8g. In the case
ficients, which range from 0.06 to 0.92 (Fig. 7), after the of the regional models, there are significant differences in
removal of the annual cycle from all the time series, the simulation of this cooling event. For instance, the

Before the removal of the annual cycle there is little dif- GOM-KT model did not clearly incorporate the cooling
ference in the SST simulated with the six different models. event in the SST field, but it is the only regional model that
However, in the interior of the GOM and in the vicinity of clearly simulated a significant increase of more than 30 m
the Loop Current, the basin scale model (which includes in the mixed layer thickness, which is associated with the
data assimilation) simulates the Loop Current and Loop cooling event (at this time we do not have an explanation
Current eddies collocated with the observed ones. Conse- for this counter intuitive result). In addition, the GOM-
quently, this assimilative simulation is the one that more KPP, GOM-GISS, and GOM-PWP models simulated par-
accurately agrees with the spatial fluctuations of the Loop tially this cooling event, and the GOM-MY model did not
Current. Two events generated by the spatial fluctuations simulate the event at all.
of the Loop Current were measured by the two buoys that Of particular interest for this study is the ,-2-3 'C cool-
are more directly exposed to the Loop Current variability. ing induced by Ivan in the SST measurements of the buoys
The first event occurred during mid February 2004, and it located at 26.01'N, 85.91'W and 25.84°N, 89.66'W during
increased the observed SST more than 2 'C in the buoy September 15-16, 2004. Note that the assimilative basin
located at 26.01'N, 85.91°W as shown in Figs. 7a-f. Note scale model (ATL-KKP) and all the regional models (with
that all the models include a delayed response to this no ocean data assimilation or relaxation to any SST)
observed SST jump. It is the assimilative basin scale (no- response to the wind-forcing associated with Ivan, simulat-
assimilative regional model including the KT mixed layer ing the observed SST cooling (denote by the black and col-
sub-model) model the one that simulate better (worse) ored lines in Fig. 7a-m) and the mixed layer thickness
the February 2004 observed SST jump (Figs. 7a-f). The increase (see gold lines in Fig. 8a-l). An unexpected and
second event is a cooling episode of approximately 3 'C, notable result is that the regional GOM-KT model is the
which occurred around September 21, 2004 in the buoy only model (including the assimilative basin scale one),
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which completely simulated the cooling event produced by After removing the annual cycle in the coastal waters of
Ivan during September 16, 2004 in the buoy of Fig. 8g-l. the northern GOM, the correlations between the measured
Why is that a surprising finding? Using basin-scale low res- and simulated time series indicate that the SST measured
olution (2' zonal resolution and 2' cos (latitude) meridio- on the two buoys situated in shallow waters (Figs. 7v-z9
nal resolution) climatological simulations, Halliwell and 8s-z4) is significantly better simulated with all the
(2004) evaluated the vertical mixing algorithms included regional models than with the basin scale model. A possible
in HYCOM and found that model performances deterio- explanation for these large correlation coefficient differ-
rates slightly when the KT slab mixed layer model is used. ences (0.25 versus 0.88-0.93 for the buoy located at
In contrast, based on the results shown in Fig. 8g-l and for 30.09'N, 88.77'W and 0.06 versus 0.80-0.82 for the buoy
the particular cooling event produced by Ivan, the perfor- located at 29.25°N, 94.41°W), is that the regional higher
mance of the high resolution (1/250) simulations that are resolution model extends closer to the buoys than the lower
forced with 3-hourly winds improve slightly when the KT resolution basin scale model does.
slab mixed layer model is used. However, based on this sin- Overall, using as a quality criterion the correlation coef-
gle case, this result can not be generalized. In fact, the cor- ficient, the five mixed layer sub-models produce good
relation coefficients of Fig. 7 do not show significant results. Furthermore, based on the results of Figs. 7 and
difference among the regional models to be able to con- 8, under the direct influence of the Loop Current fluctua-
dude dominance or insufficiency of any model. But it tions, assimilation of satellite data can play a main role
should be mentioned that a simulation without a mixed in the simulation of the SST variability. In contrast, in
layer sub-model produces unrealistic SST, and blows up the shallow coastal waters of the northern GOM and far
during Hurricane Ivan (Figs. 7g, n, u, z2, and z9), which away from the direct influence of the Loop Current vari-
shows the importance of the mixed layer for a proper sim- ability, model resolution can play a main role in the simu-
ulation of high wind events. lation of the SST variability.
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3.2.2. CTW generated by Ihan along the coast of the Gulf of ces (September 6), Ivan (September 15-16), and Jeanne
Mexico (September 27). Frances and Jeanne influenced the GOM

On September 14 2004 Ivan propagated through the after they were downgraded to tropical storms and forced
Yucatan Channel entering to the GOM and its maximum the coastal waters of the GOM for only a few hours. Con-
sustained winds reduced from 71 m/s to 62 m/s (http:// sequently, their relatively short period forcing generated
www.nhc.noaa.gov). The cyclonic open ocean response is only local non-propagating perturbations, which are dis-
featured by a vertical velocity of >100 m/day within the played in the coastal-following SSH diagrams of Figs. I Ia
thermocline (Fig. 60. The coastal ocean response along and b as negative SSH anomalies. In contrast, Ivan forced
the Florida-Alabama-Mississippi-Louisiana coast is char- the waters of the GOM as a Hurricane and that forcing
acterized by a forced CTW that starts to develop during lasted ,-'3 days. Thus, it generated a coastal downwelling
September 14 reaching its peak on September 16 and raising signal that propagated as a forced CTW from Florida to
the SSH >100 cm in the model and > 140 cm in the sea level Texas at a propagation speed of -10 mis. However, this
measurements at Pensacola, Florida (Figs. 9 and 10). This CTW was significantly weakened along the coast of Louisi-
CTW has alongshore and across-shore scales of -700 and ana. How does this CTW weakened? Our explanation is as
-80 kin, respectively (Fig. 9). Fig. 11 includes two diagrams follows: The wave was generated and reinforced when
of along coastal SSH versus time as simulated by the regio- Hurricane Ivan was located in the GOM and Ivan's
nal GOM and the basin scale HYCOM. Although there are downwelling favorable winds were blowing along the coast
some differences between the coastlines of the regional and (Fig. 12, top). Later, when Ivan made landfall, upwelling
basin scale models (compare Figs. 1 Ic and d), the two mod- favorable winds were blowing along the northern coast of
els clearly show the coastal signatures of Hurricanes Fran- the GOM weakening the CTW (Fig. 13, top). To isolate
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Fig. 12. Sea surface height anomaly (color contours in cm) for September 16, 2004 at 00 GMT as simulated by 1/25' GOM-HYCOM: (top) forced by
NOGAPS 3-hourly winds and daily averaged thermal forcing (bottom) without including any forcing.

the wind effects in the weakening of this CTW, we per- combined with the currents forced directly by the hurricane
formed a simulation running the GOM model without winds produce alongshore westward currents of >2 rm/s
any wind forcing. The initial conditions for that unforced (Fig. 14a), which had a direct effect on both the alongshore
simulation include the CTW along the Florida-Alabama- and across-shore transport on the northern coast of the
Mississippi-Louisiana Coast (Fig. 12, bottom). Next, we GOM (Fig. 14b). The two transport time series of
allow the ocean model to evolve. An SSH comparison Fig. 14b (which were sampled along the corresponding
between the forced and unforced simulations clearly shows red and black lines of Fig. 14a) include predominantly east-
a difference of -25 cm in the SSH anomaly of the two ward and northward flows that are in concordance with the
CTW's propagating along the coast of Texas, the simula- climatological mean currents of the region (e.g. Smith and
tion with no wind forcing being the one which includes a Jacobs, 2005). However, the mean eastward and northward
C1 with higher SSH anomaly propagating along the flows are reversed by wind events of -2-4 days in duration,
coast of Texas (Fig. 13, bottom). Thus, this CTW was gen- which appear mainly during fall-winter. These transport
erated by Ivan's downwelling favorable winds along the reversal events are less common during spring and summer,
coast of the GOM, but was subsequently greatly weakened but during 2004 the largest transport reversal event was
by Ivan's upwelling favorable winds, directly (wind induced currents) and indirectly (CTW asso-

As this downwelling CTW propagated to the west, it ciated currents) generated by Hurricane Ivan. The net
generated alongshore westward currents. Those currents model result was a westward transport of ,- 8 Sv (note
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Fig. 13. Sea surface height anomaly (color contours in cm) for September 16, 2004 at 15 GMT as simulated by 1/25' GOM-HYCOM: (top) forced by
NOGAPS 3 hourly winds and daily averaged thermal forcing (bottom) without including any forcing.

the mid September negative peak of the time series denoted underestimate the SSH amplitude. That is probably due,
by the black line in Fig. 14b) that was redirected to the in part, to the 10 grid resolution of the atmospheric forcing
south by Louisiana's coastline (as illustrated in Fig. 14a), (NOGAPS), which is not fine enough to simulate the small
generating a maximum southward transport of "-'6 Sv scale wind features generated by Hurricane Ivan (http://
(denoted by the red time series in Fig. 14b). www.nhc.noaa.gov). In contrast, in the southern part of

Fig. 10 shows a comparison between observed and mod- the Gulf (Key West) there are some important differences
eled SSH at three different locations along the coast of the between the observed and regionally-simulated SSH. Sev-
Gulf of Mexico. In the two locations along the Northern eral questions arise: Why is the regional model not able
Coast of the Gulf (Pensacola and Galveston) both the to simulate the SSH variability at Key West as successfully
regional model, which does not include any data assimila- as in the case of Pensacola and Galveston? Why is the SSH
tion, and the basin scale model (which includes assimilation variability simulated with the regional and basin scale
of satellite measured SST and SSH but it does assimilate models so different at Key West? In the following section we
the SSH measured by the tide gauges) simulate very well present evidences, which support that the SSH differences
(using as a quality criterion the correlation coefficient) are probably due to the nondeterministic character of the
the SSH variability during the two passes of Ivan but currents in the region.
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Fig. 15. Deterministic versus nondeterministic sea surface height variability for the GOM. Low and high values indicate high and low degree of
determinism. These results are based on an ensemble of seven simulations forced with NOGAPS 3-hourly winds, which differ in the initial state only.

3.2.3. Deterministic versus nondeterministic variability in the apart). The initial conditions for the fourteen simulations
Gulf of Mexico of the two ensembles were interpolated from the basin scale

In order to assess the degree of determinism in the sim- model (ATL-HYCOM). Since these simulations differ only
ulations used in this study, two ensembles of seven simula- in initial state, any differences between them can be attrib-
tions (in each ensemble) were integrated over the period uted to nondeterministic differences in both the initial con-
2004-2006. The seven simulations included in the first ditions and the evolution of the simulations. Metzger et a].
ensemble were forced with both local and remote forcing, (1994), Metzger and Huriburt (2000), Melsom et al. (2003),
and the seven simulations included in the second ensemble Hogan and Hurlburt (2005), and Zamudio et al. (2008)
used remote forcing only (no wind forcing). In each ensem- used a technique to separate the variability of a scalar var-
ble the simulations differ only in their initial states (30 days iable into two components. The deterministic component is
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Fig. 16. Deterministic versus nondeterministic sea surface height variability for the GOM. Low and high values indicate high and low degree of
determinism. These results are based on an ensemble of seven simulations, which do not include any wind forcing and they differ in the initial state only.

the direct response to the atmospheric forcing, the bottom then, the left-hand side represents the total SSH variability
topography and the coastline geometry, and the remote and the right-hand side represents the SSH variability due
forcing, which in this case it is provided by the basin scale to atmospheric, topographic, and remote forcings, plus the
model through the boundaries of the regional nested variability due to flow instabilities. Next, each component
model. The nondeterministic component is due to nonlin- of the equation is divided by the total SSH variability
ear mesoscale flow instabilities. The most important source (;F) to determine the fraction of the SSH variability due
of nonlinear mesoscale flow instabilities in the GOM are to either atmospheric-topographic-remote forcings or flow
Loop Current intrusions, Loop Current Eddies (LCE) sep- instabilities. Since the accuracy of this calculation depends
aration, and westward propagation of the LCE (Hurlburt on the number of ensemble members, then the fraction of
and Thompson, 1980; Hurlburt et al., 1990). Since the variability was computed for 2, 3, 4, 5, 6, and 7 realiza-
LCE are generated without periodicity, but with an average tions. The quantitative and qualitative differences between
separation time of 9.5 months and a separation time range the results of these calculations (maps) become progres-
from 3 to 21 months (Sturges and Leben, 2000; Zavala- sively smaller as more simulations are included, and the rel-
Hidalgo et al., 2006). Then, the integration period was atively small difference between 6 and 7 realizations
extended to 3 years to ensure adequate representation of suggests convergence towards the mesoscale, and time
LCE separation events. The 3-year period of integration scales.
permitted the generation of four LCE. The fraction of nondeterministic variability of SSH for

The technique of Metzger et al. (1994) is summarized as the regional GOM model clearly shows the deterministic
follows. First, the long-term mean (2004-2006) SSH is com- character of both the coastal regions, which is mainly due
puted over the seven realizations. This mean is then removed to the atmospheric forcing, and the open boundaries,
from each daily record of the individual simulations to form which is due to the forcing provided by basin scale model
seven time series of SSH anomaly fields (q). At each grid (Fig. 15). Meanwhile, the nondeterministic characteristic
point, the temporally corresponding records of the seven of the Loop Current, LCE, and the path of the LCE is
realizations are averaged (,/) and deviations (q' = I/- qj) clearly displayed in Fig. 15. Note that the two buoys in
are computed about the mean comprised of all realizations, the open GOM (where the assimilative basin scale model
These are then combined and averaged as follows: simulates the observed SST better than the non-assimila-

2 +,tive regional models do) are located on the core of nonde-
terministic regions, whereas the three coastal buoys (where

where the bar represents the average over all realizations, the regional models simulate the observed SST better than
Averaging over the same period as the mean formed from the basin scale model does) are located in deterministic
all realizations, as was done here ensures that the temporal regions. In addition, the three tide gauges stations (Key
average of the deterministic anomalies is zero. Assuming q/ West, Pensacola, and Galveston) are located inside of
is accurately defined by a large number of realizations, deterministic regions, but the tide gauge at Key West is clo-
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ser to nondeterministic regions as indicated by Fig. 15, sug- the two open eastern boundaries. The visualization and dis-
gesting a larger influence of nondeterministic signals on the covery of this CTW are in part due to the high horizontal
tide gauge at Key West than at the tide gauges at Pensacola grid resolution (1/250) and high frequency output (3 h) used
and Galveston. This nondeterministic effect is reflected in in the regional GOM nesting models, since these two fea-
the poor SSH (using as a quality criterion the correlation tures are computationally too expensive to be used regularly
coefficient between observed and simulated SSH) simulated in basin-scale models. At the same time, in the North Wes-
with the regional model, but not in the SSH simulated with tern Caribbean, Ivan rose the thermocline at the speed of
the basin scale model, because this last simulation includes ,,100 m/day, produced a surface cooling of ,-3 'C in a pre-
assimilation of satellite measured SSH, which acts as a SSH existing cold-core eddy, and weakened its winds just after
constrain/forcing and the regional simulations are non- passing to the west of the cyclonic eddy. These three fea-
assimilative ones. tures strengthen Walker's et al. (2005) hypothesis of imme-

To test the hypothesis that the wind is the most signifi- diate negative feedback to Ivan's intensity. Later, the direct
cant forcing of the deterministic variability along the effect of the wind on the transport along the Yucatan Chan-
coasts, the ensemble of the seven simulations of Fig. 15 nel resulted on a transport's increment of ,-2 Sv/day.
was repeated, but now each of the seven simulations was During its passage over the GOM Ivan's winds
integrated over the period 2004-2006 without any wind increased the mixing and upwelling reducing the SST
forcing (Fig. 16). Thus, all the differences between Figs. >3 'C along Its path. That cooling effect was clearly mea-
15 and 16 can be attributed to the atmospheric forcing. sured by the buoy of Fig. 81 and simulated by the five dif-
A comparison of Figs. 15 and 16 highlight the deterministic ferent mixed layer sub-models, which are embedded in
signal forced by the wind along the coastal regions. For HYCOM. A modest but important SST result is that the
instance, as expected the coastal areas dominated by the SST variability measured with the two buoys situated on
deterministic signals decrease significantly from Figs. 15 shallow waters is simulated with more accuracy (higher
and 16. However, the nondeterministic character of the correlation coefficient) by the regional GOM model than
open GOM prevails in the simulation forced without any by the basin scale model (Fig. 7). That could be an evidence
wind forcing, since it is primarily forced by the Loop Cur- of the advantages of using higher resolution models to sim-
rent, LCE, and the path of the LCE and not by the local ulate the process in shallow waters. Along the coast, Ivan's
wind. Also, note how the coastal tide gauge stations change westward winds raised the SSH >140 cm on the tide gauge
from deterministic regions, in the ensemble with wind at Pensacola, Florida generating a second CTW along the
forced experiments (Fig. 15), to nondeterministic regions coast of Florida-Alabama-Mississippi-Louisiana, but this
in the ensemble with non wind forcing experiments wave was subsequently greatly weakened by Ivan's east-
(Fig. 16), suggesting the importance of the local wind as ward winds. Another oceanographic processes generated
a forcing of deterministic variability in coastal regions. by Ivan is that the northern coast of the GOM is character-

ized by 10-12 transport reversal events per year (Fig. 14).
4. Summary and concluding remarks Those events are more common during fall and winter,

however Ivan generated the largest transport reversal event
The ocean response to Hurricane Ivan is studied using a of 2004. Finally, the analysis of deterministic versus nonde-

1/250 grid resolution GOM configuration of HYCOM that terministic variability shows that an important fraction of
is nested inside of an eddy-resolving (1/120 equatorial reso- the SSH variability along the GOM coasts can be attrib-
lution) North Atlantic configuration of HYCOM. The uted to the local wind forcing, while the nondeterministic
nested GOM approach allows direct examination of the variability becomes more important in the interior of the
connectivity of the GOM with the North Atlantic Ocean GOM and in the vicinity of the Loop Current.
at high resolution and relatively low computational cost
and permits the free propagation of hurricanes and hurri-
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